The growth of Pseudomonas fluorescens (ATCC 11150) on sodium maleate was observed, and the composition of the media was monitored in batch culture. Utilization of the maleate as the sole organic carbon source proceeded by stepwise conversion to fumarate and then to malate. Respiration rates of P. fluorescens on maleate, mixtures of maleate and fumarate salts, and mixtures of maleate and malate salts were measured. Complex effects, possibly due to a change in metabolic mechanism, were observed.
11150) used was originally obtained from the American Type Culture Collection. After initial adaptation to growth on maleate, a 2-liter shake flask culture was concentrated, suspended in sterile skim milk, distributed into a number of glass tubes, and lyophilized.
The tubes were then sealed for later use. Medium. The culture was grown in aqueous media containing (grams/liter): K2HPO4, 1.00; MgSO4.
7H20, 0.50; NH4CI, 3.00; maleic anhydride, 9 .80. The pH was raised to 7.6 with pellets of sodium hydroxide. Sterilization was carried out by membrane filtration (0.22 Am pore size) to avoid isomeri-1 Present address: U.S.A. Natick Laboratories, Natick, Mass.
01760.
zation and hydrolysis of maleate, which would occur if the medium were autoclaved. Maleic anhydride was substituted for maleic acid because the former was available in a more pure state, although remaining economical in price. Titration of aqueous solutions of the anhydride with sodium hydroxide solution demonstrated complkte hydrolysis of the anhydride.
Inoculum preparation. The seed culture was grown from a tube of the original culture which had been previously adapted to utilize maleate and then lyophilized. The culture was grown on medium of the same composition as that used in the batch culture experiments. Three transfers of the seed at 24-hr intervals were used to minimize artifacts from the lyophilization. Unfortunately, the cells did not recover from the lyophilization equally well in all cases, resulting in some variation in the inoculum. Batch culture methods. A fermentor with a working volume of 14 liters (model F-14, New Brunswick Scientific Co., New Brunswick, N.J.) was used to minimize the effects of volume loss during sampling. The pH of the medium was maintained at 7.6 by the addition of 44 N phosphoric acid. (10) . The buffer pH was set to 6.5 by addition of solid sodium hydroxide. The pH adjustment was necessary to take advantage of pK difference between malic and maleic acids. Samples (1 ml) were introduced into an ion-exchange column (1 cm in diameter by 30 cm in length). The buffer was eluted at the rate of 1.05 ml/min. The effluent was collected in a fraction collector; the fractions were then analyzed on the total carbon analyzer. (See Fig. 1 for typical analysis of broth concentrations.)
Growth measurements. Growth of the culture was monitored by means of optical density determination (at 550 nm) and by dry weight determination. To obtain the dry weights, 25-ml samples were centrifuged for 10 min at 17,600 X g in a Servall cen- trifuge. The supernatant was decanted, and the cells were resuspended in distilled water. The suspension was dried in an aluminum weighing dish which had been previously dried and tared. The samples were dried for 24 hr at 90G. The cell concentration was then calculated on the basis of the average of the samples taken at the given time.
Oxygen uptake. Respiration studies were carried out at 25 C in a Warburg apparatus (12 The medium was analyzed for organic acid composition until organic components other than maleic, fumaric, and malic began to appear. An unidentified organic compound which eluted near the malic peak was prominent in the later samples. Carbon balances on the chromatographic separations were poor and tended to be low (Table 1) . One possible explanation is (Fig. 4) . Further increases in the maleate con-°I _._, during the first 10 hr of batch culture (Fig. 1 7.6 (the pH of rate of maleate from the oxygen uptake rate of the the media)] was formed. Much of the bicarbonate combined acids.
Apparent respiration rates on malate and fumarate in the presence of the malate were determined by subtraction of the respiration on maleate alone at a given concentration from the respiratory rate observed in the presence of the combination of acids (Fig. 5) .
DISCUSSION
Some work has been done previously to characterize the maleic acid metabolism of pseudomonads (7, 9, 11) . Shilo and Stanier (9) found the glyoxalate system enzymes present when a maleic-adapted pseudomonad isolate was transferred to tartarate substrates. However, the effect of the enzyme system on maleate metabolism was not discussed. Barron, Guzman, and Ghiretti (3) also found glyoxalate enzymes present when studying P. fluorescens grown on acetate.
Barrett, Larson, and Kallio (2) examined the adaption of P. fluorescens from citrate to fumarate in a series of Warburg studies. However, the metabolism was not examined and the adaption was attributed to the need to develop a new transport system. Massey (6) studied the effects of maleic acid on fumarase and found that inhibition of the enzyme by maleate increased with decreasing pH. Otsuka (8) , working on an unidentified strain of Pseudomonas, isolated a cis-trans isomerase which converts maleate to fumarate.
An enzyme such as this isomerase, working in conjunction with the inhibition of fumarase by maleic acid, would cause an apparent stepwise conversion to fumarate until the level of inhibition had decreased to permit the activation of the fumarase. At this time, growth would commence and malate might begin to appear (1, 4, 6, 13) . The data in Fig. 3 The stimulation and subsequent inhibition of respiration of P. fluorescens is typical of inhibitory substances (13) . The recovery of the respiratory rate on malic acid and fumaric acid indicates that the effect of the presence of maleic acid has changed. One possibility is that the metabolism of the bacteria has shifted from the tricarboxylic acid cycle to some other system for utilizing the substrates.
In accord with the observations of Shilo and Stanier (9) , it is possible that the organisms maintained their metabolic processes by utilization of the impurities in the original maleic anhydride, whereas the maleate was converted to fumarate.
The use of an isomerase and subsequent use of a fumarase could possibly be economically attractive to convert maleic acid (value ca. 14 cents per lb) to the more valuable fumaric or malic acids. The separation of these products could be facilitated because fumaric acid has a low solubility in water. A subsequent publication (Edwards, Kinsella, and Sholiton, in preparation) will report continuous culture studies and cell composition data for this system.
